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Abstract
We examined organic-walled dinoflagellate cysts from one 210Pb-dated sediment core and 39 surface sediment samples from the
northern Gulf of Mexico to determine the relationship between nutrient enrichment and cyst assemblages in this region charac-
terized by oxygen deficiency. The core spans from 1962 to 1997 and its sampling location is directly influenced by the
Mississippi River plume. Surface sediments were collected in 2006, 2007, 2008, and 2014 and represent approximately 1 to
4 years of accumulation. A total of 57 cyst taxa were recorded, and four heterotrophic taxa in particular were found to increase in
the top section (1986–1997) of the core—Brigantedinium spp., cysts of Archaeperidinium minutum, cysts of Polykrikos kofoidii,
and Quinquecuspis concreta. These taxa show a similar increasing trend with variations in US fertilizer consumption and
Mississippi River nitrate concentrations, both of which increased substantially in the 1970s and 1980s. The same four hetero-
trophic taxa dominated dinoflagellate cyst assemblages collected near the Mississippi River Bird’s Foot Delta where nutrient
concentrations were higher, especially in 2014. We propose that these cyst taxa can be used as indicators of eutrophication in the
Gulf of Mexico. A canonical correspondence analysis (CCA) supports this proposition. The CCA identified sea-surface nutrient
concentrations, sea-surface temperature, and sea-surface salinity as the most important factors influencing the cyst assemblages.
In addition, cysts produced by the potentially toxic dinoflagellates Pyrodinium bahamense and Lingulodinium polyedrum were
documented, but did not appear to have increased over the past 50 years.
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Introduction
The northern Gulf of Mexico (NGOM) is well known for its
nutrient enrichment and seasonal hypoxic zone. Both are due to
the influence of theMississippi River, which drains over 41% of
the conterminousUS and delivers an average of 1.6 × 106metric
tons of nitrogen to theGulf each year (Goolsby et al. 1999). This
large supply of nutrients fuels phytoplankton blooms, and once
the organic matter is respired, the bottom waters and sediments
may become depleted of oxygen. Stratification of the water
column limits replenishment of oxygen, resulting in dissolved
oxygen (DO) levels of ≤ 2 mg L−1 starting in spring and devel-
oped by summer (hypoxic zones; e.g., Rabalais et al. 2007a).
TheMississippi and Atchafalaya rivers account for approx-
imately 98% of the nitrogen and phosphorus loads in the re-
gion where hypoxia occurs (Trinity River through to the
Mississippi Delta) (Rabalais et al. 2007a). The Louisiana
Coastal Current flows from east to west during non-summer
months transporting Mississippi plume waters primarily west
of the Mississippi Bird’s Foot Delta and weakens in summer
(Nowlin et al. 2005). Currently, 80% of nitrogen and 60% of
phosphorus from the Mississippi River Basin is derived from
agricultural sources, mainly fertilizer (White et al. 2014).
Fertilizer use in the USA began to rise in the early 1950s
and increased substantially in the late 1960s and throughout
the 1970s (Rabalais et al. 1999; USDA 2016). Nutrient
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concentrations (nitrogen and phosphorus) in the Mississippi
River rose concurrently. While the use of phosphorus fertil-
izers plateaued in the 1980s, the use of nitrogen fertilizers
continued to rise, albeit at a much slower pace (USDA
2016). Nitrate concentrations in the Mississippi River are
more than double what they were pre-1950 (e.g., Rabalais
and Turner 2001). The discharge of the Atchafalaya River
includes the Red River and 30% of theMississippi River flow.
The Atchafalaya River enters the northern Gulf of Mexico
about 400 km to the west of the Mississippi River Delta.
These anthropogenic sources of nutrient enrichment are re-
sponsible for the eutrophication of the NGOM.
Biological indicators have been used to study eutrophica-
tion and hypoxia in the NGOM and include microfossil dia-
toms (e.g., Parsons and Dortch 2002) and foraminifera (e.g.,
Sen Gupta et al. 1996; Osterman 2003; Platon et al. 2005;
Osterman et al. 2005, 2008, 2009). Parsons and Dortch
(2002) examined Pseudo-nitzschia from five sediment cores
and found that it increased in all cores in response to coastal
eutrophication. Two foraminifera indices have been identified
as proxies for hypoxia in the NGOM: (1) the Ammonia-
Elphidium (A-E) index (Sen Gupta et al. 1996) and (2) the
Pseudononion atlanticum, Epistominella vitrea, and
Buliminella morgani or PEB index (Osterman 2003;
Osterman et al. 2005, 2008, 2009). Changes in both indices
suggest increasing oxygen stress during the twentieth century
(Sen Gupta et al. 1996; Osterman 2003; Osterman et al. 2005,
2008, 2009).
Organic-walled dinoflagellate cysts are another microfossil
group known to reflect eutrophication (e.g., Dale and Fjellså
1994;Matsuoka 1999; Pospelova et al. 2002; Dale 2009; Price
et al. 2017b). Dinoflagellate cysts are advantageous diagnostic
(paleo)environmental indicators because they are well pre-
served in the sedimentary record and are not subject to disso-
lution. Dinoflagellates are protists that comprise a significant
portion of planktonic communities. Approximately half of
dinoflagellate species are heterotrophic, while the other half
are autotrophic or mixotrophic (Dale 2009), providing an ideal
opportunity to study both primary producers and
microzooplankton. Many dinoflagellates produce meiotic
resting cysts in the upper water column that sink to the sea-
floor as part of its life cycle (e.g., Dale 1996). Cysts can re-
main dormant in the sediment from weeks to over a century
(Lundholm et al. 2011) before they excyst, and the motile
stage then re-enters the water column. Cyst assemblages are
known to reflect changes in sea-surface parameters including
sea-surface temperature (SST), sea-surface salinity (SSS), nu-
trient availability, productivity, and ice-cover (e.g., Dale 1996;
Matsuoka 1999; de Vernal et al. 2001; Radi et al. 2007; Price
et al. 2013; Zonneveld et al. 2013). Potentially toxic dinofla-
gellates, such as Pyrodinium bahamense and Lingulodinium
polyedrum, are among the species that produce a significant
number of recognizable cysts.
Two main dinoflagellate cyst indices that indicate eutro-
phic conditions have been described. The first, commonly
referred to as the BOslofjord signal,^ is characterized by an
increase in total cyst concentrations and an increase in the
abundance of the autotrophic species Lingulodinium
machaerophorum (Dale and Fjellså 1994; Dale et al.
1999; Dale 2009). The second one is characterized by an
increase in cysts produced by heterotrophic taxa. In many
regions, cysts produced by heterotrophic dinoflagellates
become more abundant in response to increased nutrients
from natural sources such as upwelling (e.g., Wall et al.
1977; Powell et al. 1992; Marret et al. 2013; Bringué
et al. 2014) or from anthropogenic sources (e.g.,
Pospelova et al. 2002; Matsuoka et al. 2003; Kim et al.
2009; Price et al. 2017b). Heterotrophic dinoflagellates
graze on other microplankton such as diatoms that also
respond to nutrient sources. The most commonly reported
cysts of heterotrophic taxa that increase in abundance be-
cause of eutrophication are Selenopemphix quanta, cysts of
Polykrikos kofoidii/schwartzi, cysts of Protoperidinium
americanum, Dubridinium spp., and Brigantedinium spp.
(e.g., Pospelova et al. 2002; Matsuoka et al. 2003;
Krepakevich and Pospelova 2010; Pospelova and Kim
2010; Shin et al. 2010). Which heterotrophic species or
combination of species increase in response to eutrophica-
tion is related to differences in prey composition, availabil-
ity, and variable feeding mechanisms (Jacobson and
Anderson 1986; Hansen 1991; Hansen and Calado 1999;
Naustvoll 2000). For example, the Diplopsalis group are
generalists in their feeding behavior (Naustvoll 2000),
while many Protoperidinium species graze exclusively on
diatoms (Jeong 1999). Different feeding mechanisms such
as pallium (feeding veil), peduncle (feeding tube), and en-
gulfment methods can regulate the size of prey that is able
to be consumed (Jeong et al. 2010). In addition to L.
machaerophorum, other cyst species of autotrophic dino-
flagellates can become more abundant in response to in-
creased nutrient availability (e.g., in the Po River discharge
plume, Zonneveld et al. 2012; Boston Harbor, Delaware
Bay, Prince Edward Island, Price et al. 2017b), but this
signal is not geographically widespread. Autotrophic taxa
may be at a disadvantage in nutrient-rich systems due to
competition with other more rapidly reproducing phyto-
plankton groups such as diatoms, light limitation (Dale
2009), and top-down control by grazers.
Few studies have examined dinoflagellate cyst assem-
blages from Gulf of Mexico surface sediments (Limoges
et al. 2013; Edwards and Willard 2001) or late Quaternary
sediment cores (e.g., Wrenn 1988; van Soelen et al. 2010;
Limoges et al. 2014, 2015), and none that we know of have
analyzed NGOM shelf sediments that are directly impacted by
the Mississippi River Basin discharge. Limoges et al. (2013)
recently provided valuable information on dinoflagellate cysts
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from surface sediment samples in the southern GOM, near the
Florida coast, and offshore (> 500 m water depth) in the
NGOM. They examined the influence of SST, SSS, produc-
tivity, water depth, and distance to coast on cyst assemblages
and identified distance to coast/water depth and SST as being
the most important factors influencing dinoflagellate cyst dis-
tributions in that region. Other GOM cyst studies have not
directly considered nutrients as influential factors on cyst ac-
cumulation. Information is, therefore, lacking about the effect
of nutrients on dinoflagellates and their cyst assemblages in
the GOM.
Our study examined the temporal and spatial records of
dinoflagellate cyst assemblages from one 20-cm-long sedi-
ment core at station F35 (Fig. 1) and from 39 surface sedi-
ments collected from 26 stations across the central NGOM.
Station F35 is located in the modern hypoxic zone and is
influenced by the Mississippi River plume. Sediment samples
from core F35 are therefore able to capture changes in eutro-
phication over time. Our aim was to document how dinofla-
gellate cysts reflect nutrient enrichment in the NGOM by ex-
amining the temporal and spatial variations in cyst assem-
blages and comparing them to complementary nutrient mea-
surements. We hypothesized that (1) the eutrophication signal
recorded by dinoflagellate cysts would manifest itself as an
increase in cysts produced by heterotrophic taxa and (2) the
concentrations of heterotrophic taxa would be greatest near
the major distributaries because of the proximity to nutrient-
rich Mississippi and Atchafalaya river waters. We tested these
two hypotheses by conducting a canonical correspondence
analysis (CCA) on cyst assemblages from surface sediments
along with environmental parameters (inorganic sea-surface
nutrient concentrations, temperature, salinity, and distance to
nearest river mouth) to determine which factors had a signif-
icant impact on cyst distributions.
Materials and Methods
Study Area
The northern Gulf of Mexico is mostly a shallow (< 50 m
deep) continental shelf. The Mississippi and Atchafalaya riv-
ers discharge onto the shelf and significantly influence the
abiotic (e.g., temperature, salinity, stratification), biotic (e.g.,
plankton dynamics), and ecological conditions. These rivers
are the main source of fresh water to the NGOM, accounting
for 96% of the annual riverine discharge (Rabalais et al.
2007a). Stratification increases with increasing discharge
and surface water temperatures and thus is greatest during
spring and summer. A stratified water column supports the
seasonal development of hypoxic bottom-water.
The in situ primary productivity is seasonally and annually
variable and is heavily influenced by river discharge and the
nutrients it contains. The highest levels of primary production
and chlorophyll a typically occur at salinities of 20–30 psu
and on the inner shelf (Lohrenz et al. 1999; Rabalais and
Turner 2001). This can be attributed to the nutrient loading
from the Mississippi and Atchafalaya rivers that stay in the
photic zone and because of stratification. While diatoms are
one of the dominant phytoplankton groups in the NGOM,
changes in nutrients ratios, in particular a decrease in the
Si:N ratio, may alter the phytoplankton community and pro-
mote flagellates (Rabalais and Turner 2001).
The size and distribution of nutrient-rich plume waters, in
part, controls the extent of the hypoxic zone area, which in
mid-summer spans from the western side of the Mississippi
River Delta, across the Louisiana shelf to the upper Texas
coast (e.g., Rabalais and Turner 2001; Rabalais et al. 2007a).
It can extend to 125 km offshore and in water depths of ~ 4–
60 m (Rabalais et al. 2007a).
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Fig. 1 Locations of surface sediments collected in 2006, 2007, 2008, and 2014 (colored symbols) and core F35 collected in 1997 (star). The exact
sampling locations are in ESM 1
Sediment Collection and Sample Preparation
One sediment core was analyzed that was collected in 1997
from station F35 in a water depth of approximately 35 m
(Fig. 1). The core was stored in a cold room at 4 °C before
sectioning in 2012. The upper 4 cm was sectioned into 1 cm
intervals and into 2 cm intervals below 4 cm. The core was
composed primarily of silt and clay-sized particles (Rabalais
et al. 2004) and showed no visual evidence of sediment dis-
turbance. The core was dated using 210Pb analyses described
by Turner et al. (2004). Sedimentation rates were calculated
based upon the 210Pb decay constant and the decay and excess
activity of 210Pb with depth (Nittrouer et al. 1979), providing
an average sedimentation rate of 0.57 cm year−1 (Price et al.
2017a). Price et al. (2017a) estimated that the core sedimen-
tation was from 1962 to 1997 based on the average sedimen-
tation rate and the core length.
A total of 39 surface sediment samples were collected
from 4 years: 14 from 2006, four from 2007, five from
2008, and 16 from 2014 (Electronic Supplementary
Material (ESM) 1, Fig. 1). Sediments from 2006 to 2008
were subsamples from those analyzed by Baustian et al.
(2011, 2013) and were composed of > 75% mud, except
those from stations D3 and E2A which were 25–75% mud
(Baustian et al. 2013). Sediment was collected in all years
using a GOMEX box corer (50 × 30 × 30 cm). The
surface-water interface was maintained as 7.6-cm diame-
ter acrylic core tubes were used to take subsamples from
the box corer. The top 0.5 cm was removed from each
core using a precision core extruder in 2006–2008. The
top 2 cm was removed in 2014. Surface samples were
stored in a freezer until analysis. Sedimentation rates in
the NGOM range f rom approx ima te ly 0 .41 to
1.24 cm year−1, and the greatest rates are found near the
Mississippi River Bird’s Foot Delta (Rabalais et al.
2007b). Sediments from 2006 to 2008 and 2014 were
collected for different projects and therefore encompass
different sampling depths. Sediments collected in 2006–
2008 represent the top 0.5 cm and, based on the sedimen-
tation rates reported by Rabalais et al. (2007b), corre-
sponds to approximately 1 year of sedimentation.
Sediment samples in 2014 represent the top 2 cm, equiv-
alent to approximately 4 years of sedimentation. Due to
differences in the amount of time the surface samples
represent (~ 1 vs. ~ 4 years), the complementary environ-
mental data to which the assemblages were compared also
represent 1 or 4 years.
Sediments were processed using a palynological treat-
ment method (e.g., Pospelova et al. 2010) and described
by Price et al. (2017a). Sediments were first oven-dried
and weighed. One Lycopodium clavatum tablet containing
13,911 spores was added to calculate absolute cyst abun-
dances. Room temperature 10% hydrochloric acid (HCl)
and 48% hydrofluoric acid (HF) were used to dissolve
carbonates and silicates. The sediments were washed
through a 120-μm sieve and retained on a 15-μm sieve.
They were sonicated for less than 1 min. Organic walled
dinoflagellate cysts were identified and counted at × 400
to × 600 magnifications. From 112 to 513 cysts were
counted in each sample, with an average of 363. Cyst
concentrations were calculated using the equation of
Benninghoff (1962):
c ¼ dc  Lt  t
Lc  w
where
c concentration number of dinoflagellate cysts/gram
dried sediment
dc number of dinoflagellate cysts counted
Lt 13,911 Lycopodium spores/tablet
t number of tablets added to the sample
Lc number of Lycopodium spores counted
w weight of dried sample (g)
Cyst concentrations can vary with grain size. Increasing
grain size often reflects higher energy environments and a
reduced potential for cyst deposition (Dale 1983). Thus, their
concentrations are lower in samples dominated by sand com-
pared to silt. The relative abundances are not affected in this
way, but suffer from the closed sum effect, whereby an in-
crease (or decrease) in the relative abundance of one species
results in the relative decrease (or increase) in the others.
Cysts were given species names by biostratigraphers until
the ~ 1960s when it was established that they were produced
by dinoflagellates (e.g., Dale 1983); thus, many have paleon-
tological names. The taxonomic affinity between the motile
stage and cyst stage has yet to be determined for many dino-
flagellates; therefore, the paleontological nomenclature is used
in this study. However, some cysts are named after the motile
stage if the cyst-motile stage relationship is known (e.g., cyst
of Polykrikos kofoidii). For sake of brevity, the term Bcyst of^
will not be used, except the first time they are mentioned.
Dinoflagellate cysts were identified following Zonneveld
and Pospelova (2015) andMertens et al. (2017). Round brown
cysts have a thin brown wall that is often folded or collapsed
in appearance and where the shape of the diagnostic
archeopyle is partially obscured or not visible because of the
cyst orientation. These cysts likely belong to the
Protoperidinaceae or Diplopsalid groups. Cysts produced
from heterotrophic and autotrophic dinoflagellates will hence-
forth be referred to as heterotrophic and autotrophic taxa, re-
spectively. A list of all cyst taxa and their motile stage equiv-
alents is given in ESM 2 and photo plates are in ESM 3. Cyst
concentrations are provided in the ESM 4–5 and relative
abundances in ESM 6–7.
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Environmental Data
The corresponding environmental data were averaged from
the year prior (summer months only—June to August) for
sediment collected in 2006–2008 and averaged over 4 years
for sediment collected in 2014 (2011–2014 summer months
only). Summer sea-surface temperature data were obtained
f rom bi-month ly MODera te reso lu t ion Imaging
Spectroradiometer (MODIS) imagery, the World Ocean
Database (WOD) (http://www.nodc.noaa.gov/OC5/
SELECT/dbsearch/dbsearch.html), and from conductivity-
temperature-depth (CTD) measurements made on yearly
mid-summer cruises. Summer bottom dissolved oxygen
(BDO) levels, sea-surface salinity (SSS), and surface inorgan-
ic nutrient (nitrate and nitrite, ammonium, phosphate) concen-
trations were obtained from the WOD and mid-summer
cruises. The environmental data are in ESM 1.
Statistical Analyses
A canonical correspondence analysis (CCA) was used to as-
sess the relationship between the percentage of dinoflagellate
cyst taxa in the surface sediments and environmental param-
eters. Rare taxa with abundances < 1% were excluded from
the analysis. Sediment collection occurred between 2006 and
2014 encompassing a range of environmental conditions
(Fig. 2), but due to the sparse spatial coverage in 2007 and
2008 (≤ 5 samples/year), only samples collected in 2006 and
2014 (≥ 14 samples/year) were included in the CCA. The
length of the first gradient in detrended correspondence anal-
ysis (DCA) was 2.4 indicating unimodal variation and justi-
fied using a CCA. The variables that were statistically signif-
icant (p < 0.05) in explaining variations in the cyst assemblage
were determined using a step-constrained analysis and a
Monte Carlo permutation test, with 499 unrestricted permuta-
tions. A principal component analysis (PCA) was used on the
dinoflagellate cyst relative abundances in core F35. Due to a
lack of historical environmental data from station F35, a CCA
or other constrained analysis could not be performed on the
core data. Multivariate statistical techniques were performed
using CANOCO 4 and 5.0 for Windows (ter Braak and
Šmilauer 2002, 2012). Pearson correlations were calculated
using IBM SPSS to determine the degree of correlation be-
tween environmental parameters.
Results
Trends in Cyst Taxa—Core F35 (1962–1997)
Heterotrophic taxa comprised 65–85% of the assem-
blages throughout the core and increased towards the
top, with the exception of the surface sample. The
concentrations of the heterotrophic taxa Brigantedinium
spp., A. minutum, P. kofoidii, and Q. concreta increased
noticeably during the late 1980s and remained high
throughout the rest of the core (Fig. 5). Consequently,
the ratio of heterotrophic to autotrophic taxa was higher
in sediments from the 1980s–1990s (~ 5) compared to
that from the 1960s–1970s (~ 3) (Fig. 5).
The PCA ordinated samples from 1986 to 1997 on the
right side, while those from 1962 to 1985 were ordinated
on the left side (Fig. 6). Many of the taxa that correlated
with higher nutrients and lower SSSs in the surface sam-
ples (e.g., A. minutum, P. kofoidii, and Brigantedinium
spp.) were located on the far right (Fig. 6), suggesting
that the first axis represents a gradient in nutrient avail-
ability. Axis 1 explained 60.2% of the variation in the cyst
assemblage, and axis 2 explained 16.7%. All autotrophic
taxa were located on the left hand side of the diagram,
with the exception of M. choanophorum (Fig. 6).
Trends in Hydrography—Surface Samples
The average SSTs varied from ~ 29.5–31.0 °C across the
study area, and the inter-annual variation in summer SSTs at
a single station was ~ 1 °C or less (Fig. 2). The largest range in
salinities occurred in transects A and A′ which were located
near the mouth of the Mississippi River Delta. This was par-
ticularly evident in the summers of 2011–2014 when the SSSs
were as low as ~ 13 psu (Fig. 2). Many of these low-salinity
stations also had high concentrations of nitrate + nitrite (>
5 umol L−1). The average phosphate concentrations were
highest across all sites in summers of 2011–2014 compared
to those of 2006–2008. The ammonium concentrations in
2007 at the four stations were high (Fig. 2).
The sea-surface salinities negatively correlated with nitrate
(r = − 0.766, p < 0.0001) and phosphate concentrations (r =
−0.719, p < 0.0001), and the nitrate and phosphate concentra-
tions positively correlated with each other (r = 0.798,
p < 0.0001) (Table 1). The highest average annual discharge
rates as well the greatest nitrogen and phosphorus loads oc-
curred in 2008, while they were lowest in 2006 (Price et al.
2017a, their Table 2; USGS 2016).
Trends in Cyst Taxa—Surface Samples
The number of dinoflagellate cyst taxa per sample ranged
from 15 to 37 and was lowest in 2006 and highest in 2014.
Cyst concentrations ranged from 96 cysts g−1 to 13,327
cysts g−1. The average proportion of heterotrophic taxa
ranged from 13 to 82%, and average heterotrophic concentra-
tions varied from 128 to 3365 cysts g−1 (2006 and 2014). The
average concentrations of autotrophic taxa varied from 334 to
1081 cysts g−1 (2008 and 2006) (Figs. 2 and 3). The ratio of
heterotrophic taxa to autotrophic taxa (H/A) was lowest is
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2006 (average 0.1) and highest in 2014 (average 10.9), and in
2014, samples from transects A′, A, and B near the delta had
an average H/A ratio of 19 compared to the rest of the study
area which had a lower average ratio of 3.2 (ESM 4).
The heterotrophic taxa that were more abundant in 2014,
especially near the Mississippi River Bird’s Foot Delta, are
Brigantedinium spp., Archaeperidinium minutum, P. kofoidii,
and Q. concreta (Fig. 3a–d) and to a lesser extent S. quanta
and cysts of Peridinium minutum sensu Wall and Dale 1968.
In contrast, with the exception of L. machaerophorum, the
dominant autotrophic taxa (Polysphaeridium zoharyi,
Spiniferites spp., Nematosphaeropsis labyrinthus, and
Spiniferites ramosus) showed no clear spatial or temporal
trend (Fig. 3e–h). The cyst concentrations were lower at sta-
tions E2A and D3, near the Atchafalaya River, compared to
those at the other stations (Fig. 3). Samples from E2A and D3
collected from 2006 to 2008 contained a higher proportion of
sand compared to those from the other stations in the study
area (Baustian et al. 2013) (~ 55% vs. 8%, respectively), likely

































































































































































































































































































Fig. 2 Environmental and physical data for each station displayed by
station, where different years are represented by symbols. a Distance to
the nearest river. bWater depth. cAverage sea-surface salinity. dAverage
summer sea-surface temperature. eAverage summer surface water nitrate
+ nitrite concentrations. f Average summer surface water ammonium
concentrations. g Average summer surface water phosphate concentra-
tions. h Relative abundance of cysts produced by heterotrophic taxa. i
autotrophic and j heterotrophic cyst concentrations (cysts g−1).
Figure legend in a
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Relationships Between Cysts and Environmental
Parameters
The CCA results are displayed in ordination diagrams of spe-
cies scores (Fig. 4a) and sample scores (Fig. 4b). The SSS,
SST, nitrate + nitrite, phosphate concentrations, and distance
to the nearest river were statistically significant (p < 0.05) en-
vironmental parameters. The ammonium concentration was
not significant. The first CCA axis had an eigenvalue of
0.491 and axis two had a value of 0.057. Together, the two
Table 1 Pearson correlation
coefficients between summer
averaged sea-surface temperature
(SST); sea-surface salinity (SSS);




concentrations; and water depth
SST SSS Ammonium Nitrate + nitrite Phosphate BDO Depth
SST
SSS − .291
Ammonium − .105 − .138
Nitrate + nitrite .151 − .766** .306
Phosphate .238 − .719** .158 .798**
BDO .050 − .073 − .004 − .120 .154
Depth − .015 − .220 − .254 − .242 − .114 .259
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Fig. 3 Concentrations (cysts g−1) of four cysts produced by heterotrophic
taxa that are proposed eutrophication indicators (a–d) and four common
cysts produced by autotrophic taxa (e–h). a Brigantedinium spp. b Cysts
of Archaeperidinium minutum. c Cysts of Polykrikos kofoidii. d
Quinquecuspis concreta. e Lingulodinium machaerophorum. f
Nematosphaeropis labyrinthus. g Polysphaeridinium zoharyi. h
Spiniferites ramosus. Samples were collected in 2006, 2007, 2008, and
2014 and are differentiated by shading. Circles indicate if a sample was
collected, but if no cysts of that particular species were found. Bar heights
are proportional to cyst concentrations. The scale is different for each
species. For precise sample locations see ESM 1
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axes explained over 50% of the variation in the cyst
assemblages.
Heterotrophic and autotrophic taxa formed two distinct
clusters and were ordinated on opposite sides of the diagram
(Fig. 4a). Heterotrophic taxa correlated to higher nutrient con-
centrations as well as to lower summer SSSs and SSTs.
Autotrophic taxa displayed the opposite relationship, positive-
ly correlating with higher SSSs and negatively with nutrient
concentrations (Fig. 4b).
Samples collected from 2014 correlated with higher
nutrients, lower SSSs and SSTs, and all but one had a
positive CCA1 score. In contrast, samples from 2006
were generally ordinated on the left side of the diagram
and correlated with higher SSSs, higher SSTs, and low-
er nutrients (Fig. 4b).
Discussion
Cysts produced by heterotrophic taxa increased in abun-
dance throughout the core and rose more rapidly in the
1980s and 1990s following trends in US fertilizer con-
sumption and Mississippi River nitrate concentrations.
Heterotrophic taxa were also more abundant near the
mouth of the Mississippi Delta, especially in 2014 when
surface water nutrient concentrations were higher and
Mississippi River discharge was greater than in 2006.
In contrast, samples collected in 2006, when nutrient
concentrations were lower than in 2014, were dominated
by autotrophic taxa. Our discussion focuses on the eu-
trophication signal, both temporally and spatially in the
NGOM. First, we consider possible taphonomic process-
es that may have affected the cyst assemblages.
Dinoflagellate Cyst Preservation and Potential
Resuspension
Dinoflagellate cysts from aerobic sediments can be affected
by selective degradation (e.g., Zonneveld et al. 2010), partic-
ularly in areas with low sedimentation rates. The seasonally
hypoxic bottom waters and high sedimentation rates
(mm year−1) of the NGOM may promote the preservation of
organic-walled dinoflagellate cysts. All the dinoflagellate
cysts we found appeared to be well preserved and the walls
of sensitive cysts, notably heterotrophic taxa, showed no signs
of degradation, suggesting that the taxonomic record was
complete.
Resuspension and reworking of sediments along the
Louisiana continental shelf are possible due to hurricanes
which frequent the Gulf of Mexico. Resuspension of sediment
not only causes mixing, but may also cause cyst concentra-
tions to increase (Kamiyama et al. 2014). For example, in
Sendai Bay (Japan), cyst densities of Alexandriumwere found
to be up to ten times greater after the 2011 tsunami than before
(Kamiyama et al. 2014). The distribution of 210Pb in core F35
was linear with depth and had no outliers (Price et al. 2017a)
which suggests mixing via resuspension or bioturbation was
low.
Maps of hurricane tracks from 2006 to 2014 (https://
www.tropical weather.net/hurricane-tracks.html) were
analyzed to evaluate conditions affecting the distribution of
cysts in the surface sediment samples during strong storms.






































































































Fig. 4 Canonical correspondence analysis (CCA) ordination diagrams of
the relative abundance of dinoflagellate cysts in surface sediments (2006
and 2014) and environmental parameters. Environmental parameters that
are statistically significant (p < 0.05) are shown by solid arrows, and those
which were not are shown by black dashed arrows. a Species scores. Full
cyst names are listed in Electronic Supplementary Material 2. b Sample
scores. SSS, sea surface salinities; SST, sea surface temperatures
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Hurricane Dolly crossed over the western GOM in 2008, but
it did not affect the bottom dissolved oxygen (BDO) con-
centrations at station C6B (Baustian et al. 2013), suggesting
that the sea bottom was not disturbed. Hurricane Isaac
passed over the Mississippi River Delta in 2012 and likely
caused resuspension in part of the study area because the
BDO increased rapidly during the hurricane at station C6C
(Rabalais, unpublished data). While cyst concentrations of
some heterotrophic taxa were higher in samples collected
in 2014 compared to those in the 2006–2008 samples, if
resuspension was the cause then we would expect concen-
trations of all taxa to be higher than those in previous
years—but this is not observed (Figs. 2i, j and 3). Thus,
the increase in heterotrophic taxa is not likely due to
resuspension.
Temporal Changes in Eutrophication from the 1960s
to 1990s
Heterotrophic taxa and four species in particular—
Brigantedinium spp., P. kofoidii, A. minutum, and Q.
concreta—had increased concentrations from 1986 to 1997
compared to those from 1962–1985 (Figs. 5 and 6). The
1980s and 1990s were characterized by high nutrients loads
and peak nitrate concentrations in the Mississippi River (e.g.,
Scavia et al. 2003), due to increasing fertilizer usage in the US.
The clustering of samples from 1986 to 1997 and the location
of these four taxa on the right side of the PCA ordination
diagram (Fig. 6) suggest that the first PCA axis reflects a
gradient in nutrients, with greater nutrient availability on the
right side of the diagram. The PCA axis 1 scores correlate to
nutrient loading (r = 0.689, p = 0.028) further supporting this
claim.
Fertilizer use in the USA increased substantially in
the 1970s and 1980s (e.g., Rabalais et al. 2007a) and
resulted in an increase in nutrient concentrations in the
Mississippi River. The abundance of autotrophic dino-
flagellate cysts (phytoplankton) in core F35 showed lit-
tle variation, but there was a noticeable increase in cysts
of heterotrophic dinoflagellates. The abundance of het-
erotrophic taxa likely reflects an increase in prey avail-
ability, such as diatoms, and indirectly the increase in
nutrients. This interpretation is supported by the chang-
ing concentration of chlorophyll a and phytoplankton
pigments (e.g., zeaxanthin, alloxanthin, fucoxanthin)
from a F35 replicate core, which increased, especially
in the mid-1980s (Rabalais et al. 2004), as well as the
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Fig. 5 Core F35. The ratio of heterotrophic to autotrophic taxa (H/A
ratio) is shown by a solid line. Concentrations of selected dinoflagellate
cyst taxa are shown by bar graphs, where cysts produced by heterotrophic
taxa are shown in brown and cysts produced by autotrophic taxa are
shown in green. The top four samples are 1 cm intervals, while the
remaining eight samples are 2 cm intervals. Potentially, toxic taxa are
identified with an asterisk (*). Chlorophyll a pigment concentrations
from a replicate F35 core (Rabalais et al. 2004 their Figure 2),
Mississippi River water nitrate concentrations at St. Francisville where
the thick solid black line represents yearly averages, Mississippi River
nitrate plus nitrite loading values (USGS, 2016), and the US yearly con-
sumption of nitrogen fertilizer in blue (USDA 2016)
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Dortch 2002; Turner et al. 2004) and Pseudo-nitzschia
(Parsons and Dortch 2002). Heterotrophic cyst concen-
trations show a slight decline in the top sample and
may be a result of lower nitrogen loading (Fig. 5).
Spatial Changes in Eutrophication and Environmental
Parameters Influencing Cyst Assemblages
The same four heterotrophic taxa (Brigantedinium spp., P.
kofoidii, A. minutum, and Q. concreta) that increased towards
the top of the core were also found to have higher concentra-
tions at stations closest to the mouth of the Mississippi River
Delta, especially during 2014 when higher nutrient concentra-
tions were recorded. This supports the use of these taxa as
indicators of nutrient-rich plume water in the NGOM.
Higher H/A ratios were recorded in these same samples sug-
gesting that there may have been an increase in prey availabil-
ity. In addition, the cyst assemblages were also influenced by
other environmental parameters.
The most important and statistically significant environ-
mental parameters influencing cyst assemblages in the
NGOM were SSS, SST, and surface water nutrient concen-
trations, all of which are influenced by the Mississippi River
plume. The abundances of heterotrophic taxa correlated with
surface water nitrate + nitrite and/or phosphate concentrations
(Fig. 4a). In 2006 when Mississippi River discharge was low,
SSSs were predictably higher across the shelf. This favored
cyst production by autotrophic dinoflagellates, particularly by
L. machaerophorum which dominated the assemblage. In
contrast, when discharge rates were much higher in 2014
(Price et al. 2017a their Table 2), SSSs were lower across
the shelf and nutrients were higher. This favored heterotro-
phic taxa. The differences in environmental conditions be-
tween the two sampling periods resulted in different cyst
assemblages, explaining their contrasting sample scores in
the CCA (Fig. 4b). Spatially, samples were collected near
the mouth of the delta (transects A and/or A′) in both 2006
and 2014, yet heterotrophic taxa only dominated in 2014
(Figs. 2h and 4b). This can partially be explained by the
inter-annual differences in nutrient concentrations. Our hy-
pothesis was that the eutrophication signal recorded by dino-
flagellate cysts would manifest itself as an increase in cysts
produced by heterotrophic taxa and that concentrations of
heterotrophic taxa would be greatest near the major distribu-
taries. Our results support this hypothesis.
In a previous study of surface samples from the Gulf of
Mexico, Limoges et al. (2013) reported that distance to the
coast and/or water depth and annual temperature were the
most important factors controlling cyst distributions in the
GOM; however, they did not report which variables included
in their analysis (SST, SSS, primary productivity, water depth,
distance to coast) were statistically significant. Distance to
coast is often a proxy for river-derived nutrients. In our study,
there were a greater proportion of heterotrophic taxa on aver-
age, compared to the rest of the GOM, reflecting the influence
of the nutrient-rich Mississippi River plume.
Description of Eutrophication Indicator Species
in the NGOM
The cyst assemblages from both the core and surface samples
suggest that four heterotrophic taxa—Brigantedinium spp., P.
kofoidii, A. minutum, and Q. concreta—can be considered as
indicators of nutrient-rich plume waters in the NGOM.
Brigantedinium spp., Polykrikos kofoidii, and Quinquecuspis
concreta (Fig. 3a, c, d) are known to reflect nutrient availabil-
ity in other regions (e.g., Tokyo Bay, Japan, Matsuoka et al.
2003; British Columbia, Canada, Radi et al. 2007;
Krepakevich and Pospelova 2010; Northeast Pacific margin,
Radi and de Vernal 2004; Sishili Bay, Yellow Sea, China, Liu
et al. 2012). These taxa were most abundant at stations located
closest to the mouth of the Mississippi River Delta in 2014
(Fig. 3a, c, d), yet they also show slight increases at stations J4
and K4 in the western part of the study area. Some autotrophic
species (i.e., Spiniferites ramosus, P. zoharyi) are also higher
than average at these same western stations (Fig. 3), suggest-



























































Fig. 6 Principal component analysis (PCA) of dinoflagellate cyst relative
abundances in core F35. Full cyst names are listed in ESM 2. Cysts
produced by autotrophic taxa are shown by white squares, and cysts
produced by heterotrophic taxa are shown by black squares. Numbers
refer to sediment core samples starting from the core top (no. 1 = 1997,
…, no. 12 = 1962). Core samples are colored coded, where those with a
positive PCA1 score are in red and those with a negative PCA1 score are
in blue. The top five samples spanning 1986–1997 have positive PCA1
scores, while the lower seven samples (6–12) span from 1962 to 1985
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Many of these heterotrophic taxa are also found in other
deltaic systems. In sediments influenced by plume waters of
the Po, Nile, and Rhône rivers, the most common species
associated with the plume waters and/or eutrophication are
Brigantedinium spp., Polykrikos spp., S. quanta, L.
machaerophorum, and Echinidinium spp. (Sangiorgi and
Donders 2004; Zonneveld et al. 2009, 2012; Elshanawany
et al. 2010). Cyst assemblages in surface sediments near the
Fraser River delta (BC, Canada) were dominated by P.
schwartzii, Brigantedinium spp., Q. concreta, Echinidinium
spp., Spiniferites spp., O . centrocarpum , cysts of
Pentapharsodinium dalei, cysts of Alexandrium spp., and
S. quanta (Radi et al. 2007; Czarnecki et al. 2014).
This is the first study that we know of where A. minutum is
an indicator of plume waters. However, this species was only
described recently by Yamaguchi et al. (2011), and as it is a
small spiny brown cyst, it may have been included in counts of
Echinidinium spp. in older studies, given that there are some
morphological similarities. It appears to reflect nutrient loading
in the NGOMbecause it had high abundances in the top section
of core F35 when Mississippi River nutrient concentrations
were greatest, it correlated with higher nutrient concentrations
in the surface samples (Fig. 4a) and had the greatest abundances
near the mouth of theMississippi River Delta in 2014 (Fig. 3b).
Its association with higher nutrients is supported by Price and
Pospelova (2011) who found that this species (reported as
Protoperidinium minutum) correlated with biogenic silica flux
and therefore nutrient availability, in Saanich Inlet, BC, Canada.
The Current State of NGOM Eutrophication
The expansion of the seasonal hypoxic zone in the NGOM is a
concern and an Action Plan for Reducing, Mitigating, and
Controlling Hypoxia in the Northern Gulf of Mexico
(Mississippi River/Gulf of Mexico Watershed Nutrient Task
Force 2001) promotes actions to address the issue. The goal
was to reduce nutrient loading so that the average size of the
summer hypoxic zone was less than 5000 km2 by 2015; how-
ever, this goal was not reached. The extent of the hypoxic zone
is just one means of monitoring the effects of excess nutrients.
Based on the dinoflagellate cyst eutrophication signal from
core F35, eutrophication has been increasing slowly from
1960 to 1985 and worsened over 1986 to 1997. Eutrophic
conditions may have improved in 2006 and 2007, because
of the reduced abundances of heterotrophic taxa. However,
2008 and 2014 saw a return of the heterotrophic taxa, imply-
ing eutrophication conditions may again have worsened.
Occurrence of Cysts of Potentially Toxic
Dinoflagellates
Toxic dinoflagellates such as Karenia brevis, which forms
temporary cysts, are known to bloom in the Gulf of Mexico
(e.g., Walsh et al. 2006); however, only a few harmful dino-
flagellate species form resistant resting cysts. A recent study
of phytoplankton in nearshore coastal waters of Louisiana
revealed the presence of the potential ly harmful
Gymnodinium sp. in 2008 (Schaeffer et al. 2012). The only
species of Gymnodinium cysts identified in our study were
that of Gymnodinium microreticulatum, which are nontoxic
(e.g., Bolch et al. 1999). Polysphaeridium zoharyi, which
are cysts of the potentially toxic dinoflagellate Pyrodinium
bahamense, were found in both the surface and core sedi-
ments. This species occurred in only three samples in the core
and in low (< 20 cysts g−1) concentrations (Fig. 5), but were
found in almost all surface sediment samples where they com-
prised up to 72 cysts g−1 (Fig. 3g). Some of the highest con-
centrations of this species were present at stations near the
mouths of the Atchafalaya and Mississippi river deltas.
Lingulodinium polyedrum, the dinoflagellate producing L.
machaerophorum cysts, can produce yessotoxins (e.g., Paz
et al. 2004) and was the most abundant autotrophic taxon in
our study where it comprised up to 74% of the total assem-
blage. Lingulodinium polyedrum is often found in high abun-
dances in areas with high nutrients (e.g., Blasco 1975;
Thorsen and Dale 1997; Zonneveld et al. 2009; Bringué
et al. 2013), yet its relative and absolute abundances were
greatest in 2006 when the Mississippi River discharge was
lowest and were generally in highest abundances furthest from
the river mouths (Fig. 3e).
Conclusions
Our results showed that four heterotrophic taxa—
Brigantedinium spp., P. kofoidii, A. minutum, and Q. concreta
are indicators of nutrient-rich plume waters in the NGOM and
that they track changes in eutrophication. These four hetero-
trophic taxa increased after 1985 in core F35 and track trends
inMississippi River nitrate concentrations. Furthermore, these
taxa were most abundant in surface sediments collected clos-
est to the mouth of the Mississippi River Delta, especially in
years with higher Mississippi River discharge, further validat-
ing their use as eutrophication indicators in the NGOM. The
abundance of these taxa in surface sediments correlated well
with higher sea-surface nutrient concentrations and lower
summer SSSs, both of which are strongly influenced by river
discharge. The average summer sea-surface temperature was
also a statistically significant influencing variable; however,
its inter-annual and spatial variation was less than 2 °C, and
not likely to have been the main driver in the cyst assem-
blages. This suggests that cyst assemblages can be used as a
means to monitor eutrophication in the NGOM and to help
document the progress of initiatives such as nitrogen-
management practices (e.g., Dinnes et al. 2002) that are oc-
curring in theMississippi River watershed. Dinoflagellate cyst
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assemblages record changes in their environment at various
time scales and can be, therefore, used to monitor changes in
nutrient loading occurring on a seasonal (sediment traps) to
inter-annual (surface sediments) basis. Future work in the
study region would benefit from a greater number of surface
samples distributed across the shelf and from sediment cores
collected more recently to determine trends or changes in the
eutrophication status over the last two decades.
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